Traits expressed by modular organisms present difficulties when estimating the genetic component to their variation if their phenotype changes as an individual ages, confounding ontogenetic and genetic sources of phenotypic variation. For such traits, it is necessary to control for ontogenetic effects in order to estimate accurately the degree of genetic variation in a trait. To measure the magnitude of ontogenetic change in floral traits and to determine whether it may obscure underlying genetic sources of floral trait variation in the autogamous annual, Spergulana marina (Caryophyllaceae), we monitored the expression of floral traits over a five-week period in greenhouse-raised plants from four California wild populations. From 130 individuals representing 8-10 maternal families per population, we sampled one flower per week to record the number of ovules, normal anthers (the number of which is positively correlated with pollen production per flower), abnormal anthers (those that grade phenotypically into petals), and petals; and the areas of a single petal and the entire corolla. All traits except the number of abnormal anthers exhibited strong temporal changes in phenotype, although the direction and magnitude of the change differed among traits. To determine whether populations appear to be evolving independently, we examined differences among them in floral trait means, in the magnitude of among-family variation, and in the degree to which they show temporal change in floral trait means. There were significant differences among population means for all traits except the number of ovules and petals per flower. In addition, populations differ in those traits that exhibit significant differences among maternal family means. For most traits, populations also differ in the magnitude of week-to-week changes in mean phenotype, suggesting the presence of genetic variation among populations in the expression of temporal change in floral traits. Finally, for most traits, the magnitude and significance of differences among populations and among maternal family means changed over time. Consequently, broad-sense heritability estimates, predictions of the response to selection, and measures of interpopulation divergence for floral traits are sensitive to the time of flower sampling in S. marina. The role of natural selection in moulding ontogenetic variation in floral traits has not been extensively studied in any species, but the presence of genetic variation among populations observed here suggests that this character is open to evolutionary change.
Introduction
investigators have measured the magnitudes of
The relative amounts of ontogenetic, genetic and genetic or environmental (natural or imposed)
environmental sources of variation in floral traits in sources of variation (Braak & Kho, 1958 ; Schoen, wild plant populations determine the short-term 1982; Thompson, 1987; ; Young potential for natural selection to cause evolutionary & Stanton, 1990; Mazer & Schick, 1991a,b; Zimmerchange. To estimate the potential role of selection in man, 1991; Carr & Fenster, 1994) . Others have focussed on developmental sources of variation and *Correspondence.
have examined the effects of plant age or flowering 1996 The Genetical Society of Great Britain.
sequence on characters such as flower size, gender expression, or gamete production (Bawa & Webb, 1983; Holtsford, 1985; Solomon, 1985; Thomson, 1985 Pellmyr, 1987; Lee, 1988; Nybom, 1989; Thompson & Pellmyr, 1989; Kang & Primack, 1991; Thomson & Barrett, 1991; Ashman & Baker, 1992; Emms, 1993) . Very few studies, however, provide measures of both ontogenetic and genetic sources of variation in floral traits (Young & Stanton, 1990; Armbruster, 1991; Diggle, 1993) .
Studies of ontogenetic change (and, in genetic terms, the repeatability) of traits expressed by modular organs can identify those traits for which ontogenetic and genetic sources of variation can be easily confounded when sampling individuals, maternal families or populations. Such studies may also detect genotype x age interactions, which indicate the presence of genetic variation in the degree of ontogenetic change in floral traits and provide evidence that natural selection can act on the expression of ontogenetic change itself (if it influences individual expected fitness; cf. Bradshaw, 1965) .
In the present study of Spergularia marina (Caryophyllaceae; sand-spurrey), we examine the degree to which age-related changes in floral expression within individuals contribute to phenotypic variation in floral traits. In addition, we determine whether ontogenetic variation in floral traits can obscure two potential sources of genetic variation: (a) variation among maternal families within populations, and (b) variation among geographically proximate populations. We are also concerned with a practical issue for evolutionists who wish to measure genetic variation in floral traits among individuals or populations. Strong age-related changes in floral phenotype may result in estimates of heritability or interpopulational divergence that are sensitive to the timing of flower sampling. Under these conditions, heritability estimates, and predictions of the response to selection, will depend on the age of sampled individuals or genotypes. To examine this possibility in S. marina, we explored temporal variation in maternal family and population effects on offspring floral phenotype in a uniform environment.
We address three sets of questions.
(1) Are there evolutionarily significant sources of phenotypic variation in floral traits in S. marina? Do some floral traits exhibit stronger evidence for genetic variation than others? Do week x maternal family or week x population interactions significantly affect floral trait expression, indicating the presence of genetic variation in the degree of ontogenetic change? (2) Have populations differentiated with respect to phenotypic means, the magnitude of genetic variation, or the expression of ontogenetic change in floral traits? Do floral traits appear to be evolving independently among populations, suggesting that these traits are subject to different evolutionary pressures in different populations? (3) Do flowers sampled at different times show different levels of among-family or among-population variation?
Materials and methods

Study organism
Spergularia marina (L.) Griseb. provides an unusual opportunity to detect evolutionarily significant sources of floral trait variation, as this autogamous species exhibits a remarkably high degree of phenotypic variation in both primary and secondary sexual characters (Delesalle & Mazer, 1995) . It is an annual halophytic herb with a four-to six-month life cycle and a widespread distribution in coastal saltmarshes and wetlands in Europe, North America, and South Africa (Sterk, 1969a; Cusick, 1983; Torstensson, 1987; Ungar, 1992; Redbo-Torstensson, 1994) . Californian populations generally germinate in February or March and seed production occurs from May to July, depending on local weather conditions. The species is easily cultivated in the greenhouse using fresh water; seeds readily germinate following a two-week vernalization treatment in wet sand. Flowers self-pollinate while still in the bud and seed dehiscence occurs approximately two weeks later. Redbo-Torstensson (1994) has pointed out that seeds collected in the field from a maternal plant are likely to be nearly 100 per cent selfed; like us, he has never seen pollinators visit S. marina in the field. Plants cultivated in the greenhouse typically have 100 per cent fruit set; and Sterk and Dijkhuizen (1972) have calculated the maximum outcrossing rate in wild populations to be 1-2 per cent.
Spergularia marina flowers vary dramatically with respect to all floral traits that have been observed. In greenhouse-raised plants in California, flowers contain: 46-182 ovules (e.g. the plants grown for this study); zero (rarely) to eight normal anthers (Sterk, 1969a ,b reports up to 10 anthers); zero-15000 pollen grains (mean pollen production 5500 grains per flower); zero to five 'abnormal' anthers (these range from anthers with petal-like protrusions, to petals with strips of pollen-bearing sacs); and one (rarely zero) to five petals. The area of a single petal (estimated as maximum petal length x width) varies from 0.72-10.32 mm2, and
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total corolla area (estimated as petal area x petal number) varies from 1.25-51.60 mm2 (flowers used in this study). The production of normal anthers is significantly and positively correlated with pollen production (Delesalle & Mazer, 1995) were conducted on four types of data sets: (1) all populations and weeks pooled (all flowers included); (2) each population analysed separately; (3) populations pooled but flowers from each week analysed separately; and (4) a data set including all flowers from one randomly selected plant per maternal family (N = 180 flowers). This last data set was used to estimate the repeatability of floral traits, a quantitative genetic parameter that expresses the correlation between measures recorded repeatedly within individuals (Falconer, 1989) . Sequentially measured traits with low repeatabilities exhibit high levels of ontogenetic change; for such traits, genetic and ontogenetic sources of variation are most easily confounded when sampling maternal families or populations.
ANOVAS were conducted using SUPERANOVA and STATVLEW (Abacus, Inc.); mean squares (MS) were estimated from Type III sums of squares. F-tests used to detect significant effects are described in the table captions (see Results section). Floral traits (except the number of normal anthers per flower) were highly homoscedastic with respect to week (Bartlett test and Hartley test; Neter et al., 1985) and all were unimodal. For seven out of 12 homoscedasticity tests (six floral traits tested for homoscedasticity among weeks and among populations), the ratio of the highest to the lowest sample variance was less than 1.60; for the remaining five tests, this ratio was 1.60-2.00. No transformations markedly improved normality and homoscedasticity, so untransformed values were used. P-values reported here were not adjusted for multiple tests.
Interpretation of statistically significant maternal family effects on progeny phenotype It is reasonable to infer that the maternal family effects on progeny phenotype detected in this study have a genetic basis. Strong phenotypic differences in vegetative and morphological characters that we have observed among maternal families in the greenhouse and the high level of autogamy in S. manna suggest that maternal families represent distinct genotypes. Also, although environmental differences among maternal plants in the field can generate statistically significant maternal family effects on the floral phenotype of greenhouse-raised progeny, environmentally induced maternal effects are often most likely to be expressed in traits that appear early in the life cycle (but see Schmid & Dolt, 1994 for some exceptions).
As the floral traits examined in this study are expressed relatively late in the life cycle, this potential effect should be minimal, such that variation observed among greenhouse-raised maternal sibships should reflect genetic differences.
ANOVAS across populations Pooling all data, threefactor repeated measures ANOVAS were conducted to detect significant effects of population, maternal family (nested within population), sampling week, and their interactions on floral trait means. Two-factor nested ANOVAS (seeking population and maternal family effects [nested within populations]) were also performed to determine whether excluding week from the model would make it more difficult to detect genetic sources of variation. In the threefactor ANOVAS, significant week x population interactions indicate that the magnitude and/or the direction of temporal changes in floral phenotype differ among populations. When this obtains, the magnitude of interpopulation differences and/or the ranks of the population means depend upon the sampling week. Similarly, significant week x maternal family interactions indicate that maternal families express different types of temporal changes in floral phenotype such that the magnitude of among-family differences (or the ranks of maternal family means) depend upon the week of floral sampling. Both types of interactions indicate the presence of genetic variation in the expression ontogenetic effects.
ANOJ/AS within each population We performed two-factor repeated measures ANOVAS on each population separately to detect significant effects of maternal family, sampling week, and their interaction on progeny phenotype. These ANOVAS also identified those traits that express the highest (and lowest) levels of maternally inherited variation and those that are the most (and least) subject to temporal changes in phenotype. We also conducted one-way ANOVAS within each population to detect significant differences among maternal family means, excluding the week effect from the model. The comparison of these one-way ANOVAS to the repeated measures ANOVAS allowed us to determine whether excluding sampling week from the model influences the ability of the ANOVA to detect significant maternal family effects within populations.
ANOVAS by week ANOVAS were conducted on flowers representing each sampling week separately to determine whether the ability to detect interpopulation divergence or differences among maternal families depends on the date of flower sampling. For data representing each of the five sampling weeks, two-way nested ANOVAS were conducted to detect significant population and maternal family effects (nested within population) on floral phenotype.
Results
Repeatability of floral traits
The repeatabilities of all floral traits were very low (less than 0. in the variance associated with the mean of five measurements compared to the variance associated with a single measurement indicates a considerable gain in precision. In S. marina, then, the gain in accuracy achieved by measuring five flowers justifies this replication (Falconer, 1989) .
Analyses of variance: ANOVAS across populations
Population and maternal family effects Populations have diverged significantly in floral trait expression. There were significant differences among population means for all traits except the number of ovules and petals per flower (Table 1) . Populations also differed in their pattern of floral investment; no population universally exceeded the others with respect to the phenotypic values of floral traits (Fig. 1) . For example, flowers of ASC genotypes produced larger petals than those from other populations but produced relatively few anthers, whereas flowers of COP genotypes exhibited high normal anther production but relatively small petals. All traits
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Effects of sampling week All traits except the number of abnormal anthers per flower exhibited significant differences among sampling week means (Table 1) . Traits differed greatly in their sensitivity to sampling date; F-values expressing the ratio of the mean squares (MS) for the week effect to the MS of its error term varied from 1.14 (for abnormal anthers) to 34.37 (for ovule number). Moreover, traits showed neither consistent reductions nor increases in phenotypic value over time; each trait responded differently to the time of floral sampling (Fig. 1) .
Week xpopulation and week x maternal family interactions The three-factor repeated measures ANOVAS detected no strong interactions to suggest that populations differed with respect to the effects of sampling week on floral phenotype, or that sampling weeks differed in the magnitude of interpopulation divergence, except in the case of the number of ovules per flower (Table 1) . Similarly, except in the case of ovule number per flower, there were no week x maternal family interactions; that is,
a. (Table 4) . Week x population interactions are suggested when lines cross or when the magnitude of interpopulation differences changes over time, although the repeated measures AN0VA conducted across populations (Table 1 ) detected a significant weekx population interaction only for the mean number of ovules per flower. For most traits, however, weeks differed with respect to the statistical significance of interpopulation differences.
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F-values to detect population effects use the MS for the maternal family effect in the denominator.
F-values to detect maternal family effects use the MS for the sibling effect in the denominator. F-values for the week effect and the week x maternal family effect use the MS for the week x sibling (maternal family) effect in the denominator. F-values for the week x population effect use the MS for the week x maternal family (population) effect in the denominator.
there were no apparent differences among maternal families with respect to the effect of week on floral phenotype nor differences among weeks with respect to the amount of variation among maternal families.
ANOVAS that exclude week as a main effect The two-factor nested ANOVAS conducted on pooled populations (population and maternal family as main effects) provided results nearly identical to the repeated measures ANOVAS ( Table 2 ). The models differed with respect to the detection of maternal family effects on the number of abnormal anthers per flower: the two-factor nested ANOVA detected statistically significant differences among maternal families whereas the repeated measures ANOVA did not. For this trait, the failure to control statistically for the effects of sampling week (which were not significant; Data from all sampled flowers were used in these analyses.
F-values to detect population effects use the mean square (MS) Significant results (P<0.05) appear in boldface.
sampling week effect on all traits except for the number of abnormal anthers per flower (which showed no significant week effect in any population; Table 3 ). This result suggests the presence of a week x population interaction for all traits except abnormal anthers, which contrasts with the results of the three-factor ANOVAS (Table 1) . Table 3 and Fig. 1 show that traits differ in the consistency with which they exhibit significant temporal changes in phenotype across populations.
For example, ovule number per flower differed significantly among weeks in plants from all four populations, whereas all other traits (except abnormal anther production) exhibited significant week effects in only a subset of populations. Traits also differed in the pattern of temporal change. For example, whereas ovule production per flower peaked at week 3, total petal area per flower tended to peak at week 2. Week x maternal family interaction The ANOVAS performed within each population detected no strong differences among maternal families in the effect of sampling week on floral traits, except in the case of ovule number per flower (note the significant interaction in ASC and SMB [ for the maternal family effect in the denominator. not shown). There was no tendency for the exclusion of week from the model either to enhance or to reduce the likelihood of detecting maternal family effects. In three cases, excluding week from the model resulted in the detection of significant maternal family effects where the more complete model failed to do so; in three cases, the converse was true.
ANOVAS by week
The ability to detect statistically significant differences among populations and among maternal families within populations depended on the week at which flowers were sampled. The expression of significant differences among population means -depended strongly on the week at which flowers were sampled (Table 4 ; Fig. 1) . Flowers sampled at week 1 show the strongest evidence for interpopulation divergence in these traits. Similarly, the expression of variation among maternal families within populations depended on sampling week. This result suggests the presence of a week x maternal family interaction even though this was detected in the complete ANOVA only for ovule number per flower (Table 1) .
Discussion
The results of the present study shed light on three issues. First, when sampling modular traits with low repeatabilities, the ability to detect genetic variation within or among populations may depend strongly on the time at which the traits are sampled. In the case of S. marina, we observed significant maternal family effects on trait means for flowers sampled in some weeks but not in others. This implies that broad-sense heritability estimates used to predict the response to selection on these traits would also be sensitive to flower sampling date. Secondly, the ANOVAS offer inconsistent evidence for the presence of significant week x maternal family and week x p0- Table 4 Nested ANOVAS conducted on data from each sampling week to detect significant differences among population means and among maternal family means (nested within populations) with respect to floral traits of Spergularia marina pulation interactions. ANOVAS conducted on the pooled data (all populations and weeks included)
found these interactions to be significant only for the number of ovules per flower, suggesting the presence of genetic variation within and among populations in the degree to which ovule number (and only this trait) changes over time (Table 1) . Analysing data by population, however, suggested that the magnitude of ontogenetic variation in most floral traits varies among populations (Table 3) . For example, week effects were common in MSH but rare in COP. Similarly, separating data by week provided evidence that for most traits the magnitude and statistical significance of among-population and among-family differences changed markedly over time (Table 4 ; Fig. 1) . Thirdly, the phenotypic differences among populations and the populationspecific effects of sampling week on floral trait expression suggest that these populations have followed different evolutionary trajectories and that floral traits have evolved independently of one another. The latter conclusion is also supported by the observation that traits differ in the degree of their interpopulation divergence. This type of evolutionary divergence among populations with respect to the means of floral traits has also been observed by Carr & Fenster (1994) in Mimulus guttatus and M micranthus (Scrophulariaceae).
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Implications of the absence of week x population and week x maternal family interactions One possible conclusion from the three-factor ANOVAS (Table 1) is that the week x population and week x maternal family interactions are unimportant for most traits. This would imply that there is no significant genetic variation in the nature of temporal change in floral trait expression or in the degree of phenotypic canalization of floral traits over time. In spite of nonsignificant week x population interaction terms, however, the populationspecific ANOVAS (Table 3) show that the magnitude of temporal changes in floral traits differs among populations (probably reflecting genetic differences among them). The absence of these interactions could similarly be interpreted to mean that the between-family and between-population components of variation remain constant as plants age. However, the week-specific ANOVAS (Table 4) show that the magnitude and significance of differences among populations and maternal families are in fact quite sensitive to the week in which flowers are sampled. Consequently, even though these interactions are not significant in the three-factor ANOVA, age-related changes in floral phenotype clearly influence the ability to detect genetic differentiation within and among populations. If week-to-week changes in floral traits are strong enough to mask underlying genetic variation, then ANOVAS that exclude week effects should not detect significant differences among maternal families or populations as easily as the ANOVAS that control for them. In this study, the nested two-factor ANOVAS conducted to detect population and maternal family effects on floral traits -excluding week effects from the model -did not meet this expectation. These ANOVAS detected differences among population means for the same traits as did the ANOVAS that included week effects (Table 2 ). In addition, these ANOVAS detected significant maternal family effects for all traits, whereas the three-factor ANOVA failed to do so for the number of abnormal anthers per flower. In sum, when all populations were pooled, the statistical control of sampling week did not improve the ability to detect significant differences among populations or maternal families.
Within populations, one-way ANOVAS that excluded week effects (maternal family as the main effect; results not shown) detected significant differ-
ences among maternal families as frequently as the two-factor models. In these one-way ANOVAS, the statistical control of sampling week improved the ability to detect maternal family effects on some floral traits, but had the opposite effect on others. So, although these ANOVAS suggest that temporal variation in floral phenotype did not badly mask variation among maternal families and populations in S. marina, the ability of ANOVAS to detect significant genetic variation was strongly sensitive to sampling week (Table 4) .
A few other studies have also detected temporal changes in the expression of genetic variation. Young & Stanton (1990) individual fitness, however, the evolutionary significance of this variation will remain obscure.
